The The metastasis of cancer cells from a primary site to secondary sites within the body is the leading cause of cancer mortality. Metastasis is a complex process requiring cancer cells to intravasate from the primary tumor into the circulatory or lymphatic system, followed by extravasation of the cells into secondary sites throughout the body (1, 2). Cancer cells capable of metastasis exhibit an invasive phenotype, meaning they have the ability to penetrate through extracellular matrix and the basement membrane (3). This phenotype is highly dependent on proton extrusion from cancer cells, because proton secretion across the plasma membrane promotes both an alkaline cytosolic pH required for cytoskeletal remodeling and an acidic extracellular space essential for the activity of secreted acid-dependent proteases (cathepsins) that participate in degradation of extracellular matrix (4, 5). This proton transport across the plasma membrane has increasingly been shown to depend upon the activity of the vacuolar H ϩ -ATPase (V-ATPase) 3 (6). V-ATPases are multisubunit, ATP-dependent proton pumps present in both intracellular membranes and the plasma membrane of specialized cell types (7). The 13 subunits that make up the V-ATPase are split into two major domains: the cytosolic V 1 domain and the membrane-embedded V 0 domain. V 1 is responsible for ATP hydrolysis and is composed of subunits A-H, whereas the V 0 domain contains subunits a, c, cЉ, d, and e and transports protons from the cytosol into either intracellular compartments or the extracellular space. Within the cell, V-ATPases localize to the Golgi, secretory vesicles, endosomes, and lysosomes and participate in a variety of processes, including receptor-mediated endocytosis and receptor recycling, zymogen activation, protein trafficking and degradation, and cellular signaling (6 -10
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cro ARTICLE ing V-ATPase activity using either pharmacological inhibitors or genetic approaches significantly reduces the invasiveness and migratory capacity of numerous cancer cell types (5, 18, (21) (22) (23) (24) (25) (26) (27) (28) . Specifically, plasma membrane V-ATPases appear to play a central role in cancer cell invasiveness (6) . Studies looking at localization of the V-ATPase in invasive breast, liver, lung, esophageal, prostate, ovarian, and pancreatic cancers as well as Ewing sarcoma and melanoma all show an up-regulation of the V-ATPase at the plasma membrane (5, 18, 19, 21-25, 29 -33) . Recent work from our laboratory using an in vitro transwell assay showed that specific inhibition of plasma membrane V-ATPases inhibited the invasion and migration of invasive MDA-MB-231 breast cancer cells to a similar degree as pan-VATPase inhibitors (5) . This suggests that plasma membrane V-ATPases may play a key role in promoting an invasive phenotype in breast cancer cells.
Different isoforms of subunit V 0 a are responsible for localizing V-ATPases to various subcellular membranes (34) . Mammals express four different subunit a-isoforms, a1-a4, where a3 and a4 are known to target the V-ATPase to the plasma membrane of osteoclasts and renal intercalated cells, respectively (7, 8, 11, 13) . Subunit a3 is overexpressed at the mRNA level in a number of cancer types, including melanoma, breast, pancreatic, and ovarian cancers (18, 21, (23) (24) (25) 33) . Similarly, a4 is overexpressed in glioma (35) . Previous work from our laboratory has shown that mRNA levels of a3 and a4 are up-regulated in the invasive MDA-MB-231 breast cancer cell line compared with the noninvasive MCF7 line (24) . siRNA-mediated knockdown of either a3 or a4 in MDA-MB-231 cells reduced the migration and invasion of these cells (24) . Similarly, the invasive MCF10CA1a breast cancer cell line displays increased levels of a3 mRNA relative to the parental MCF10a cell line, and knockdown of a3 decreased in vitro migration and invasion of MCF10CA1a cells (21) . Importantly, overexpression of a3 in noninvasive MCF10a cells increased their invasiveness and localization of the V-ATPase to the plasma membrane (21) . Subunit a3 has also been implicated in melanoma, where knockdown of a3 in a melanoma cell line reduced in vivo metastasis in mice (33) .
Recently, a3-containing V-ATPases were localized to the plasma membrane of a number of different invasive breast cancer cell lines using isoform-specific antibodies against a3 (25) . This was the first study showing that a3-containing V-ATPases localize to the leading edge of highly invasive, migrating breast cancer cells but not of noninvasive breast epithelial cells. Our laboratory also showed that a3 mRNA is overexpressed in 43 of 43 human breast tumor samples relative to normal breast tissue by 2.5-50-fold and that expression of the a3 protein is highest in invasive human breast carcinoma relative to both noninvasive solid tumors and normal breast tissue (25) .
Together, this research highlights the importance of plasma membrane V-ATPases in cancer cell invasiveness and the translational relevance of studying these proteins in vitro. Understanding the trafficking and regulation of these pumps in various cancer cell types may provide new therapies against metastatic cancer. Here, we describe the first use of CRISPR/ Cas9 to disrupt individual subunit a-isoforms of the V-ATPase in invasive breast cancer cells. Our results suggest that the a4 isoform plays a role in in vitro invasion and migration as well as expression of V-ATPases at the plasma membrane of an invasive mouse breast cancer cell line.
Results

Pharmacological inhibition of the V-ATPase inhibits in vitro migration and invasion of 4T1-12B breast cancer cells
To determine the role of V-ATPases in a mouse model of invasive breast cancer, we examined the 4T1-12B mouse mammary carcinoma cell line. Whereas the V-ATPase has previously been shown to function in in vitro migration and invasion of various human breast cancer cell lines (5, 21, 24, 25) , using a breast cancer cell line derived from mouse will be important in future studies employing an animal model of breast cancer in an immunocompetent host. 4T1 cells originate from a spontaneously formed mammary tumor in mouse and are commonly used as a model of breast cancer metastasis (36, 37) . When orthotopically injected into mice, these cells metastasize to a number of secondary sites, including liver, lung, brain, and bone (38 -43) . The 4T1-12B cells used in the current study are a luciferase-expressing cell line derived from 4T1 cells that retain all of the properties of the parental line (44) .
To ascertain whether V-ATPase activity is required for in vitro invasion and migration of these cells, an in vitro transwell assay was employed, as described previously (5) . Invasion is measured using wells coated with the extracellular matrixlike material Matrigel, whereas migration is measured using uncoated wells. 4T1-12B cells were treated with DMSO or the V-ATPase-specific inhibitor concanamycin A (ConA) at 1 nM, and invasion or migration was induced by the presence of serum in the trans compartment. Treatment with ConA reduced migration by 62% and invasion by 58% relative to control cells (Fig. 1) . To validate that the decrease in invasion and migration after treatment with ConA was not due to cell death, cell viability was measured using a trypan blue exclusion assay. No difference in cell viability was detected following ConA treatment (data not shown). These data suggest that V-ATPase activity is important for in vitro invasion and migration by 4T1-12B cells. The role of V-ATPase a-isoforms in 4T1 breast cancer cells mRNA levels of subunit a-isoforms in 4T1-12B cells Previous work has suggested that specific subunit a-isoforms contribute to the invasiveness of breast cancer cells (21, 24, 25) . We first wished to determine which subunit a-isoforms are expressed in 4T1-12B cells using quantitative RT-PCR. As shown in Fig. 2 , mRNA for a4 was present at the highest levels, followed by a3 and a2. mRNA encoding a1 was barely detectable in samples from 4T1-12B cells. Thus, a4 appears to be the dominant isoform at the mRNA level in these cells.
CRISPR/Cas9-mediated knockout of a-subunit isoforms in 4T1-12B cells
Next, to determine whether subunit a-isoforms are important in 4T1-12B cell invasiveness, each of the four a-isoform genes was targeted for disruption using the CRISPR/Cas9 system (45) . Cells were transfected with a CRISPR/Cas9 plasmid containing guide RNA (gRNA) sequences specific to each of the four isoforms or an empty plasmid as a control. After clonal populations were isolated, Western blotting was used to determine the level of subunit a-isoform expression. Clones showing the most complete knockout were used for all experiments, and at least two knockout clones for each isoform were tested (Fig.  S1 ). As seen in Fig. 3A , there was successful knockout of each of the targeted subunit a-isoforms without a change in cell viability (Fig. S2) . In several cases, partial changes in expression of isoforms not targeted by CRISPR/Cas9 were observed. Thus, for a1-knockout cells, a4 expression is partially reduced, whereas for a4-knockout cells, a1 is partially reduced. Quantitation of expression of a4 in the a1-knockout cells showed that a4 levels were reduced by 30 Ϯ 20% relative to control cells. Similarly, a1 levels were reduced by 30 Ϯ 10% in a4-knockout cells, again relative to control cells. Furthermore, expression of a1 is increased in the a2-and a3-targeted cells, suggesting that a1 expression may increase to compensate for the loss of certain isoforms. Interestingly, only partial knockdown of a3 could be obtained in the cells in which a3 was targeted by CRISPR/Cas9 (Fig. 3A) . Quantitation indicates that a3 levels were reduced by 63 Ϯ 7% in a3-knockout cells relative to the control cells. Continued efforts to obtain complete knockout of a3 in 4T1-12B cells were unsuccessful, suggesting that a3 expression may be required for viability of these cells. Nevertheless, previous work using siRNA-mediated knockdown of a3 in breast cancer cell lines revealed significant effects on cell migration and invasion following reduction of expression by a similar magnitude (21, 24, 25) .
Western blotting was employed to test whether disruption of any of the subunit a-isoforms affected the expression level of other V-ATPase subunits. Using commercially available antibodies against V 1 A, V 1 B, V 1 C, and V 0 d, it was found that the levels of these subunits in subunit a-isoform knockout cells did not change relative to control cells (Fig. 3B ).
Subunit a4 is required for in vitro migration and invasion of 4T1-12B cells
The subunit a-isoform knockout cells shown in Fig. 3 were used to test whether specific isoforms contribute to the migration and/or invasion of 4T1-12B cells using an in vitro transwell migration assay. As shown in Fig. 4 , only knockout of the a4 isoform led to a significant (Ͼ90%) reduction in 4T1-12B cell migration. Similar results were obtained using the in vitro transwell invasion assay, where a4 knockout reduced the invasiveness of 4T1-12B cells by ϳ80% (Fig. 5 ). These data 
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suggest that 4T1-12B cell migration and invasion depend upon a4 expression.
Knockout of the V 0 a4 subunit reduces plasma membrane V-ATPase staining of migrating 4T1-12B cells
Previous work from our laboratory studying the invasive MDA-MB-231 breast cancer cell line revealed that plasma membrane V-ATPases play a key role in promoting cancer cell invasion (5) . The two subunit a-isoforms known to target the V-ATPase to the plasma membrane are a3 and a4, and a3 has been demonstrated to target the pump to the plasma membrane of various invasive breast cancer cell lines (21, 25) . We performed immunofluorescence microscopy to determine whether, in 4T1-12B cells, knockout of the various subunit a-isoforms affected V-ATPase localization to the plasma membrane. The a-isoform knockout cells were grown on coverslips and induced to migrate by scratching the monolayer to establish a leading edge in cells. Antibodies against cortactin, a leading edge marker, and the V-ATPase V 1 A subunit were used to determine the localization of the pump. As seen in Fig. 6 , VATPases (green) are detected both intracellularly and at the plasma membrane, whereas cortactin (red) localizes to the leading edge of migrating cells. In control, empty plasmid-transfected cells, V 1 A staining appears in some regions of the plasma membrane, typically colocalized with cortactin (yellow) at the leading edge of the cell. A similar staining pattern was observed for subunit a1-a3-knockout cells (Fig. 6A and Fig. S3 ). By contrast, V-ATPase staining either does not appear or is highly diminished at the plasma membrane and leading edge of a4-knockout cells (Fig. 6A and Fig. S3) . Quantitation of the staining in these cells revealed a 53% decrease in the number of cells expressing any plasma membrane V-ATPase (Fig. 6B) . This sug- were grown to confluence on coverslips. Migration of the cells was induced as described under "Experimental procedures" by using a pipette tip to scratch the confluent monolayer. Cells were left to migrate for at least 4 h, after which they were fixed and stained for the leading edge marker cortactin (red), the V 1 A subunit of the V-ATPase (green), and nuclei (DAPI; blue). Plasma membrane V-ATPase localization appears as yellow fluorescence at the leading edge when the red and green channels are merged 
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gests that in migrating 4T1-12B cells, subunit a4 plays a role in targeting the V-ATPase to the plasma membrane. Importantly, expression of V 1 A is not affected in any of the V 0 a-isoform knockout cells (Fig. 3B) , indicating that loss of plasma membrane V 1 A staining is not due to a change in subunit A levels. It should be noted that, because these studies were performed on permeabilized cells, we cannot formally exclude the possibility that what appears to be cell surface staining at the leading edge of cells is, in fact, V-ATPases in close juxtaposition to the plasma membrane. In support of V-ATPases actually localized to the plasma membrane being reduced upon a4 knockout, only a4-knockout cells were found to have a significantly lower extracellular acidification rate (ECAR) relative to control cells (Fig. S4) . It should be noted that although the decrease observed in a4-knockout cells is modest (20% relative to parental 4T1 cells and 13% relative to the vector only cells), these experiments were performed under conditions where other cellular mechanisms of pH homeostasis (such as Na/H antiporter) were still functional.
Discussion
The majority of cancer-related deaths occur due to metastasis of primary tumors (46); however, there are no treatments currently available to target this hallmark of cancer. Identifying new anti-metastatic targets would therefore fill an important unmet clinical need. V-ATPases are a family of ATP-dependent proton pumps that have been linked to several hallmarks of cancer, including cancer cell survival, cellular signaling, multidrug resistance, and tumor cell invasiveness (6) . Tumor cell invasiveness is essential to the metastasis of cancer cells, as it facilitates both their escape from the site of the primary tumor and their colonization of remote sites. Inhibiting the V-ATPase has been shown to inhibit the invasiveness of a variety of cancer cell types, making it a potential target in the development of antimetastasis therapies (5, 18, (21) (22) (23) (24) 26) . Although the mechanism by which inhibiting V-ATPase activity inhibits tumor cell invasiveness remains uncertain, expression of V-ATPases at the plasma membrane of tumor cells may be important for this process (5, 21, 24, 25) . Isoforms of subunit a of the V 0 domain target V-ATPases to different cellular destinations, with both the a3 and a4 isoforms capable of targeting the V-ATPase to the surface of osteoclasts and renal intercalated cells, respectively (11, 13, 47) . Interestingly, both a3 and a4 have been implicated in the invasiveness of human breast cancer cells (21, 24, 25) . In the present study, we sought to characterize the role of different isoforms of subunit a in the invasion and migration of a murine breast cancer cell line (4T1-12B).
Previous work characterizing the function of a-subunit isoforms in breast cancer cells has focused on human cancer cell lines (21, 24, 25) . Whereas such lines are of direct relevance to human cancer, the study of the in vivo metastasis of these lines must be done in immunocompromised mice to avoid rejection of the human cells by the mouse host. As a result, the role of the immune system in the response of the host to tumor growth and metastasis cannot be studied in such models, despite the importance of the immune system to these processes (48, 49) . We thus wished to begin exploring the role of the V-ATPase and a-subunit isoforms in a mouse breast cancer cell line whose in vivo metastasis could subsequently be studied using immunocompetent mice.
We first confirmed the role of V-ATPases in in vitro invasion and migration of 4T1-12B cells using the specific V-ATPase inhibitor concanamycin A (Fig. 1) . The observed level of sensitivity is comparable with that previously reported for human breast cancer cell lines (5, 21, 24, 50) . We next measured the mRNA levels for the four a-subunit isoforms in these cells using quantitative RT-PCR and found that a4 was the dominant isoform, followed by a2 and a3, with barely detectable levels of a1 present. Interestingly, previous work in MDA-MB-231 cells showed that a3 was the dominant isoform (24) , whereas in MCF10CA1a cells, both a2 and a3 were expressed at significantly higher levels than a1 and a4 (21) . This is the first cancer cell line of any origin in which a4 mRNA is the dominant species, although previous work from our laboratory has shown that a4 is up-regulated in some human breast cancer samples relative to normal tissue (25) .
The differences in expression of a-subunit isoforms between various invasive breast cancer cell lines highlights the importance of characterizing the role of each isoform in the invasive phenotype of these cells. To accomplish this, we performed the first CRISPR/Cas9 genetic knockout of each a-subunit isoform using 4T1-12B cells. Complete knockout of a1, a2, and a4 was achieved, whereas knockdown of somewhat greater than 50% was obtained with a3 ( Fig. 3) . Despite the use of multiple unique guide sequences targeting a3, no reduction in expression level greater than this was obtained. Our inability to completely disrupt a3 expression using CRISPR/Cas9 may indicate that a3 is a gene essential to the viability of 4T1-12B cells. Previous studies employing CRISPR/Cas9 have resulted in similar incomplete knockdown of the corresponding gene product (51, 52) . Nevertheless, because our previous studies using siRNA-mediated knockdown of a-subunit isoforms in breast cancer cell lines showed significant effects on tumor cell invasion and migration following comparable levels of reduction of mRNAs (21, 24, 25), we felt confident in further characterizing cells displaying partial a3 knockdown.
Using an in vitro transwell assay, we found that only cells disrupted in the a4 isoform showed significantly reduced invasion and migration (Figs. 4 and 5) . It should be noted that the partial (ϳ30%) reduction in a4 expression in a1-knockout cells (Fig. 3A) did not result in reduced invasion or migration, suggesting that the remaining level of a4 expression was sufficient to fully support this phenotype. It should also be noted that the partially reduced expression of a1 in the a4-knockout cells (Fig. 3A) is not responsible for the decreased invasion and migration observed for these cells because the a1-knockout cells, in which a1 expression is completely ablated, showed a normal invasive phenotype. Furthermore, compensation by a1 was also observed, with a1 expression increasing in both the a2-knockout and a3 partial knockout cells. Nevertheless, if increased a1 expression accounted for the normal level of migration/invasion in the a2 and a3 knockouts, it might be expected that knockout of a1 would reduce migration/invasion, yet this is not observed.
We previously showed that a3 knockdown had the greatest effect on invasion in MCF10CA1a cells and that ectopic overexpression of a3 (and not the other isoforms) enhanced the invasiveness of the parental MCF10a cells (21, 25) . By contrast,
The role of V-ATPase a-isoforms in 4T1 breast cancer cells a4 knockdown had the greatest effect on invasion in MDA-MB-231 cells, even though it is expressed at the lowest level of any a-isoform in these cells (24) . Thus, it is not necessarily knockdown of the most dominantly expressed isoform that affects invasion of breast cancer cells. Nevertheless, we cannot rule out the possibility that the effects on invasion and migration observed with a4 knockout are due, in the case of 4T1-12B cells, to its being the dominantly expressed isoform and hence having the greatest overall effect on V-ATPase activity. By contrast, because a1, a2, and a3 are all expressed at significantly lower levels than a4 (at least at the mRNA level), their disruption would be predicted to have a quantitatively lower effect on overall V-ATPase activity, thus making it difficult to rule out some role of V-ATPases containing these isoforms in invasion and migration. This is particularly true for a3, where knockdown is only partial.
Because we have demonstrated that plasma membrane V-ATPases contribute directly to cancer cell invasiveness (5), and because a4 is known to target the V-ATPase to the plasma membrane in renal intercalated cells (8, 11) , we wished to determine whether a4 knockout reduced the level of V-ATPase expressed at the cell surface. We found that only cells disrupted in a4 expression (but not the other isoforms) showed a significant reduction in V-ATPase staining at the plasma membrane, which was localized primarily to the leading edge, as identified by co-localization with cortactin (Fig. 6 ). This suggests that, although a4 is not located exclusively at the plasma membrane, its expression is required for trafficking of V-ATPases to the cell surface and that it is surface V-ATPases that are contributing to the invasiveness of 4T1-12B cells. Importantly, although 40 -50% of a4-knockout cells still show some V-ATPase staining at the cell surface (Fig. 6B) , the intensity of staining in knockout cells that do show surface staining is greatly reduced. Thus, our results suggest that 4T1-12B cells target V-ATPases to the cell surface through expression of the a4 isoform, where they serve to enhance cell invasion and migration.
The mechanism by which plasma membrane V-ATPases promote cancer cell invasion and migration is still unclear. Interestingly, knockout of a4 had a greater effect on 4T1-12B cell migration and invasion than pharmacological inhibition of the V-ATPase using concanamycin A (Figs. 1, 4 , and 5). One possible explanation for this result is that, in addition to their role in transporting protons out of the cell, plasma membrane V-ATPases play some additional, nonenzymatic role in cell invasion and migration. Because the V-ATPase has been shown to be part of a large complex involved in activation of both mTORC1 and AMPK (albeit on lysosomes) (53, 54) and to directly bind to such kinases as phosphatidylinositol 3-kinase and extracellular signal-regulated kinase (55, 56) , it is possible that plasma membrane V-ATPases function in cell surface localization and activation of signaling molecules important in cell invasion or migration.
With respect to the function of the activity of plasma VATPases in promoting cell migration and invasion, a number of hypotheses have been proposed. Acidification of the extracellular environment may activate secreted, acid-dependent proteases, such as the cathepsins, that can both degrade extracellular matrix and activate other secreted proteases, such as matrix metalloproteases (57) (58) (59) (60) (61) (62) (63) (64) . Alternatively, a higher intracellular pH near the cell surface created by plasma membrane V-ATPases may aid in migration through changes in the actin cytoskeleton (4, 65) . Interestingly, the V-ATPase is also known to directly interact with F-actin and to promote actin assembly (66 -71) . Thus, it is possible that activity of V-ATPases at the cell surface creates an acidic extracellular environment that promotes proteolytic degradation of the extracellular matrix and an alkaline intracellular environment that promotes actin polymerization, both of which may aid tumor cell invasion and migration.
V-ATPase activity is also required for proper membrane trafficking within the cell (8) . Inhibition of acidification of intracellular compartments may affect the trafficking of signaling molecules involved in cancer cell invasiveness. The peripheral localization and activation of EGFR and Rac1, molecules involved in cell migration, are prevented by V-ATPase inhibition (29) . Similarly, inhibition of V-ATPases in secretory vesicles prevents proper trafficking of the Rab27 GTPase that is important for cell movement (72) , and work by Matsumoto et al. (73) in osteoclasts found that a3 interacts directly with the inactive, GDP-bound form of Rab27A. Although these findings are not specific to plasma membrane V-ATPases, it is possible that knockdown of a4, in addition to reducing cell surface expression of V-ATPases, may also alter acidification of intracellular compartments.
In summary, this research is the first characterization of the function of V-ATPase a-subunit isoforms in a cancer cell line using CRISPR/Cas9 technology. We have shown that the a4 isoform plays an important role in promoting both the invasion and migration and plasma membrane localization of V-ATPases in 4T1-12B cells. Given our previous results demonstrating a similarly important role for a3 in the invasive MCF10CA1a human breast cancer cell line (21), these results emphasize that different a-subunit isoforms may function to target V-ATPases to the cell surface, where they can promote cell invasion and migration. Thus, isoform-specific therapies to limit breast cancer metastasis may need to be tailored to account for differences in isoform expression of particular tumor types. Future work will be required to understand the mechanism by which plasma membrane V-ATPases contribute to breast cancer cell invasiveness. (44) were a gift from Gary Sahagian (Tufts University). DMSO (D2650), calcein AM (17783), anti-␤-actin antibody (A1978; 1:10,000), anti-␣-tubulin (T5168; 1:5,000), anti-vinculin (V9131; 1:50,000), WST-1 (catalog no. 5015944001), DMEM without sodium bicarbonate and phenol red (D2902), and
Experimental procedures
Materials and equipment
The role of V-ATPase a-isoforms in 4T1 breast cancer cells 10981532001 ) and pepstatin (catalog no. 11524488001) were purchased from Roche Applied Science. Poly-D-lysine (A-003-E) was purchased from Millipore. RT Prolong Gold Fixative with DAPI (P36935), Alexa Fluor 568 -conjugated anti-rabbit antibody (A11011; 1:500), and Alexa Fluor 488 -conjugated anti-mouse antibody (A10680; 1:500) were purchased from Life Technologies, Inc. Concanamycin A (BVT-0237) was purchased from BioViotica. The RNeasy Mini Kit (catalog no. 74104) was purchased from Qiagen. Chemiluminescent substrate (RPN2106) was purchased from GE Healthcare, and autoradiography film (E3012) was purchased from Denville Scientific Inc. Mammalian anti-V 0 a4 (ab97440; 1:1,000), mammalian anti-V 0 d (ab56441; 1:1,000), anticortactin (ab81208; 1:1,000), peroxidase-conjugated anti-rabbit (ab97051; 1:5,000), and peroxidase-conjugated anti-chick (ab6877; 1:5,000) antibodies were purchased from Abcam, and the mammalian anti-V 0 a1 antibody (NBP1-89342; 1:1,000) was purchased from Novus. Mammalian anti-V 1 A antibody that was used for Western blotting was purchased from Abnova (H00000523-A01; 1:1,000), whereas the anti-V 1 A antibody used for immunocytochemistry was purchased from Sigma (ab1402125; 1:1,000). The chicken monoclonal anti-V 0 a2 and anti-V 0 a3 antibodies were described previously by Sun-Wada et al. (74) . Mammalian anti-V 1 C antibody (ARP58589_P050; 1:1,000) was purchased from Aviva. The GFP-expressing CRISPR/Cas9 plasmid, pSpCas9(BB)-2A-GFP (PX458), was purchased from Addgene (catalog no. 48138). The Seahorse XFe96 FluxPak (catalog no. 102601-100) was purchased from Agilent.
Cell culture
4T1-12B cells were maintained in Falcon
TM T-75 flasks containing DMEM supplemented with 1% penicillin/streptomycin and 10% FBS. Cells were grown at 37°C with 5% CO 2 in a humidified environment. The cells used in these experiments were not passaged more than 10 times, and all experiments were performed using biological replicates.
CRISPR/Cas9
gRNA sequences to target each of the individual V-ATPase subunits were designed using the free online CRISPOR tool (http://crispor.tefor.net/) 4 (76) by inputting the region of the mouse V 0 a1, V 0 a2, V 0 a3, or V 0 a4 gene sequence that we wished to disrupt (usually within the first few exons). Several gRNAs were chosen per a-isoform, but we found that the following sequences produced the best knockout in 4T1-12B cells: a1, 5Ј-CTCTGGAAAACATTCACATC-3Ј; a2, 5Ј-TACGAGT-GTCTGAGCGCGCT-3Ј; a3, 5Ј-CAGTTGTAAGCAGACC-CTGT-3Ј; a4, 5Ј-GGCATCTGTGTTTCGAAGTG-3Ј. These gRNA sequences were cloned into the pSpCas9(BB)-2A-GFP (PX458) plasmid, and 4T1-12B cells were transfected with the empty or a-isoform-targeting plasmid using Lipofectamine 3000 according to the manufacturer's instructions. After 48 h, the BD Biosciences FACS Aria cell sorter was used to plate a single GFP-expressing cell into every well of a 96-well plate to grow clonal a-isoform knockout populations. After clonal populations were grown, their a-isoform protein expression levels were determined using Western blotting. Clones that had full or partial knockout of the targeted a-isoform were used for migration and invasion assays. At least two knockout clones were tested for each a-isoform.
Whole-cell lysis and Western blotting
3 ϫ 10 6 cells were plated into 10-cm poly-D-lysine-coated plates. The following day, cells were placed on ice and rinsed twice with ice-cold PBS. Cells were scraped into 450 l of icecold lysis buffer (150 mM NaCl, 1% Triton X-100, 50 mM TrisHCl (pH 7.5), 1 mM phenylmethylsulfonyl fluoride, 2 g/ml aprotinin, 5 g/ml leupeptin, 1 g/ml pepstatin, 1 mM NaF, and 1 mM glycerophosphate). Samples were continuously agitated for 30 min to lyse the cells, and then centrifuged at 500 ϫ g for 10 min to clear lysates of unbroken cells and nuclei.
Following whole-cell lysis, protein concentrations were determined using the Lowry method (75) . Samples were diluted in SDS-containing sample buffer, and proteins were separated by SDS-PAGE on 4 -15% precast gels. Following separation, proteins were transferred to a nitrocellulose membrane. After blocking with 1.5% milk in TBS-T, primary antibodies were added (see "Materials and equipment" for dilution) for at least 1 h. This was followed with TBS-T washes and the appropriate secondary antibodies in milk for 1 h. Protein detection was performed using chemiluminescent substrate and X-ray film. Protein levels in V 0 a3-knockout cells were quantified using ImageJ version 10.2 software, and the intensity of the a3 band was normalized to the amount of protein in each lane using the ␤-actin band. This ratio was then normalized to the ratio of a3/actin in empty plasmid control cells (which was set to 1).
Quantitative RT-PCR
5 ϫ 10 6 4T1-12B cells were harvested, and RNA was isolated using Qiagen's RNeasy mini kit. cDNA was made from the RNA using Invitrogen's SuperScript TM III First-Strand Synthesis System, starting with 500 ng of total RNA. Following cDNA synthesis, PCR was performed using Bio-Rad's iTaq TM Universal SYBR Green Supermix in a Bio-Rad C1000 TM thermal cycler according to the manufacturer's instructions. The following primers were designed using NCBI's Primer-BLAST tool and then used in the reaction for detection of each a-isoform: a1, 5Ј-GATGAGATGGCGGATCCAGA-3Јzsqx (forward) and 5Ј-AGCCACAAAGCCAAGTCGTA-3Ј (reverse); a2, 5Ј-GAGCGGTTACACACTCGTGA-3Ј (forward) and 5Ј-ACTTCTCGGCAGCCTTCTTC-3Ј (reverse); a3, 5Ј-AACTG-AGTTTGTCCCTTCTGAGAT-3Ј (forward) and 5Ј-CAGAG-ACGCAAGTAGGAGGC-3Ј (reverse); a4, 5Ј-CTGTGACGG-GTTTCGTGCTA-3Ј (forward) and 5Ј-TCTTCCAGCCTCA-CGTTGAC-3Ј (reverse). To quantify the absolute mRNA levels of each a-isoform, a standard curve was made from serial dilutions of a-isoform cDNA. V 0 a-isoform-specific cDNA was ordered from Integrated DNA Technologies as gBlocks gene fragments. The region of cDNA amplified by the primers listed above was ordered, and the fragments were used to make the a-isoform-specific standard curves. The specific sequences that were used as the standards for each of the a-isoforms are listed below: a1, 5Ј-CTGGAACTGACTGAATTAAAATTTA-TCCTGCGAAAAACCCAGCAGTTTTTCGATGAGATGG-CGGATCCAGACCTGTTGGAAGAGTCCTCATCACTCT-TGGAGCCAAACGAGATGGGAAGAGGCGCACCCTTA-CGACTTGGCTTTGTGGCTGGTGTGATTAACCGGGAG-CGGATCCCGACCTTTGAGCGCATGCTTT-3Ј; a2, 5Ј-TTTTTCTGCTGTGGCTGCACAACGGGCGCAATTGCT-TTGGCATGAGCCGGAGCGGTTACACACTCGTGAGG-AAGGACAGCGAGGAAGAGGTGTCTCTTCTGGGCAA-CCAGGACATAGAAGAGGGCAACAGCCGCATGGAAG-AAGGCTGCCGAGAAGTGACGTGTGAGGAGTTTAAC-TTCGGGGAGATCCTGATGACGC-3Ј; a3, 5Ј-TGATGAGG-AGAAGGCTGGGAGCCCAGGGGATGAAGAAACTGAG-TTTGTCCCTTCTGAGATCTTCATGCACCAAGCAATC-CACACCATTGAGTTCTGCCTGGGCTGCATCTCCAAC-ACAGCCTCCTACTTGCGTCTCTGGGCCCTGAGCCTG-GCCCATGCCCAGCTGTCTGAGGTCCTGTGGGCCATG-GTGAT-3Ј; a4, 5Ј-CATCATATTTTACCAAGGAGAACAG-CTCAGGCTGAAAATCAAGAAGATCTGTGACGGGTTT-CGTGCTACCATCTACCCCTGCCCAGAGCATGCAGCA-GAGCGCAGAGAGATGCTGACCAGTGTCAACGTGAG-GCTGGAAGACTTAATCACCGTCATTACCCAAACAGA-GTCTCACCGACAGCGCCTGCTGCAGGAAGCAGC-3Ј.
Transwell migration assay
In vitro transwell migration assays were performed as described previously (25) . Briefly, Fluoroblok inserts with an 8-m pore size were placed into a 24-well plate containing 500 l of DMEM with 10% FBS in each well. Cells were trypsinized and diluted to a concentration of 1.5 ϫ 10 5 cells/ml in filtersterilized DMEM containing 0.1% BSA. Where necessary, either 1 nM concanamycin A or DMSO was added to the diluted cells. 500 l of the cell suspension was then seeded onto the membranes of the Fluorblok inserts. Each cell type or treatment was done in triplicate. Cells were then placed in the incubator at 37°C for an average of 18 h, after which the membrane inserts were placed into wells containing 4 g/ml calcein AM in PBS and incubated for 5 min at 37°C in 5% CO 2 . Cells that had migrated to the trans side of the membrane were imaged using a Zeiss Axiovert 10 fluorescence microscope. An average of 12 images were taken per well, and the number of migrating cells was averaged over three wells. Significant differences in migration for the various a-isoform knockouts were established using a one-way ANOVA combined with a nonparametric post hoc test.
For concanamycin A-treated cells, a trypan blue exclusion assay was performed to asses cell viability after a 24-h treatment.
Transwell invasion assay
In vitro transwell invasion assays were performed as described previously (21) . Briefly, Matrigel-coated transwell inserts were placed into a 24-well plate and rehydrated with 200 l of DMEM (no additives) for 2 h at room temperature. Matrigelcoated inserts were then placed into a new well containing 500 l of DMEM with 10% FBS. Cells were trypsinized and diluted to a final concentration of 1.5 ϫ 10 5 cells/ml in filter-sterilized DMEM containing 0.1% BSA. Where necessary, either 1 nM concanamycin A or DMSO was added to the cell suspension. 500 l of the cell suspension was then seeded onto the Matrigel inserts. Each cell type or treatment was done in triplicate. Cells were then placed in the incubator at 37°C for an average of 20 h, after which the inserts were placed into wells containing 4 g/ml calcein AM in PBS and incubated for 5 min at 37°C in 5% CO 2 . Importantly, the cis side of the Matrigel insert was gently scrubbed with a cotton swab to remove any cells that did not invade through the Matrigel. Cells that had invaded to the trans side were imaged using a Zeiss Axiovert 10 fluorescence microscope. An average of 12 images were taken per well, and the number of invading cells was averaged over three wells. Significant differences in invasion for the various a-isoform knockouts were established using a one-way analysis of variance combined with a nonparametric post-hoc test. For concanamycin A-treated cells, a trypan blue exclusion assay was performed to assess cell viability after a 24-h treatment.
Immunofluorescence microscopy 1 ϫ 10 5 cells were plated onto round, poly-D-lysine-coated coverslips in 24-well plates. The following day, the confluent cell monolayer was scratched using a 200-l pipette tip to create a wound and induce migration. Cells were then incubated in DMEM (no additives) for an average of 5 h to allow for migration at 37°C in 5% CO 2 . After the incubation, cells were fixed with 4% paraformaldehyde for 10 min and permeabilized with 0.1% Triton X-100 for an additional 10 min. Coverslips were placed in a 1% BSA solution for 30 min for blocking. Following blocking, cells were incubated with anti-V 1 A and anti-cortactin antibodies (both at 1:1,000) in 1% BSA solution overnight at 4°C. The following day, coverslips were washed with PBS, and a 1% BSA solution containing Alexa Fluor 568 -conjugated anti-rabbit antibody (1:500) and Alexa Fluor 488 -conjugated anti-mouse antibody (1:500) was added for 1 h at room temperature. Coverslips were washed with PBS and then left to cure overnight on slides using the Prolong Gold fixative with DAPI. Images were taken using a Leica TCS SPE confocal microscope with a ϫ40 objective. A minimum of five unique fields were captured along the wound for each knockout cell line in each experiment.
Quantitation of cells with plasma membrane V-ATPase staining was performed by counting the number of cells with a leading edge and determining how many of those cells had cell surface V-ATPase staining. Over 60 cells were counted for each cell type. An unpaired, two-tailed Student's t test was used to determine significant differences in plasma membrane VATPase expression for the various a-isoform knockouts compared with the control.
The role of V-ATPase a-isoforms in 4T1 breast cancer cells Cell viability assay
Trypan blue staining was performed according to the manufacturer's instructions. Briefly, 0.4% trypan blue staining solution was mixed with cell suspensions at a 1:1 dilution. The number of cells taking up the dye was counted using a hemocytometer, and the following formula was used to determine cell viability: % viable cells ϭ ((total cells Ϫ blue cells)/total cells) ϫ 100.
Cell proliferation assay
Cell proliferation was measured using WST-1 according to the manufacturer's instructions. Briefly, 1 ϫ 10 4 cells were plated per well in a 96-well plate. The following day, WST-1 was added to each well at a 1:10 dilution. Cells were incubated at 37°C in 5% CO 2 for 1 h, and then the absorbance of each well was measured at 480 nm using a Tecan SpectraFluor Plus plate reader.
Seahorse assay
ECAR in 4T1-12B cells was measured using the Extracellular Flux Assay Kit from Agilent Technologies according to the manufacturer's instructions. Briefly, 4 ϫ 10 4 cells were seeded in each well of a Seahorse XF96 cell culture microplate, with a minimum of six replicate wells for parental 4T1-12B, negative control PX458, and each a-isoform knockout line. 16 h later, the cells were rinsed once with warm PBS; the medium was replaced with DMEM, pH 7.4, without sodium bicarbonate and phenol red; and the plate was transferred to a 37°C non-CO 2 incubator for 1 h. Five basal measurement cycles (3-min mix, 0-min wait, 3-min measure) were then performed on the Seahorse XFe96 Analyzer. The assay was repeated three times, and the interassay mean ECAR values from the third measurement cycle were compared using an unpaired, two-tailed Student's t test. 
